Coiled-coil forms of Homer1, including Homer1b and c (Homer1b/c) have been shown to play a role in hippocampal learning and memory and synaptic plasticity. We have previously found that overexpression of hippocampal Homer1c is sufficient to rescue learning and memory ability in aged learning impaired rats and in Homer1 knockout (KO) mice, and to rescue group I metabotropic glutamate receptor (mGluR1/5) mediated longterm potentiation in KO mice. Here, to determine if Homer1b/c is necessary for successful learning and memory we have utilized a rAAV5 vector expressing a Homer1b/c-targeting short hairpin RNA to knock down the expression of hippocampal Homer1b/c in adult 4-6-month old male Sprague Dawley rats. We have found that reduced hippocampal Homer1b/c expression elicits significant learning deficits in contextual fear conditioning, but not in the Morris water maze or novel object recognition tasks. Furthermore, we demonstrate that reduced hippocampal Homer1b/c is sufficient to completely block mGluR1/5 mediated long-term depression in the Schaffer collateral pathway. These results support a significant role for Homer1b/c in learning and synaptic plasticity; however, the exact role of each of these two protein isoforms in learning and memory remains elusive.
Introduction
The synaptic scaffolding coiled-coil forms of Homer1, which include Homer1b and Homer1c (Homer1b/c), link membrane bound group I metabotropic glutamate receptors (mGluR1/5) to downstream signaling molecules (Duncan, Hwang, & Koulen, 2005; Fagni, Worley, & Ango, 2002; Kammermeier, 2008; Lv et al., 2014; Ronesi & Huber, 2008; Tu et al., 1998) . Homer1b and Homer1c differ by a 12 amino acid addition in Homer1c (Xiao et al., 1998) . Previous research in our lab and others has shown that Homer1b/c isoforms play an important role in learning and memory (Burger et al., 2007; Gerstein, Lindstrom, & Burger, 2013; Gerstein, O'Riordan, Osting, Schwarz, & Burger, 2012; Klugmann et al., 2005; Menard & Quirion, 2012) . Homer1 knockout mice exhibit learning and memory deficits in the radial arm maze and deficits in synaptic plasticity, both of which can be rescued through recombinant adeno-associated virus (rAAV) mediated overexpression of hippocampal Homer1c (Gerstein et al., 2012; O'Riordan, Gerstein, Hullinger, & Burger, 2014) . Additionally, Homer1c transcripts are downregulated in the hippocampi of aged learning impaired rats when compared to aged superior learners after training in a hippocampal dependent learning task, and rAAV-mediated overexpression of hippocampal Homer1c is sufficient to improve learning and memory performance in the Morris water maze and object location memory tasks in these animals (Burger et al., 2007; Gerstein et al., 2013) . Importantly, disruption of associations between Homer1b/c and mGluR1/5 metabotropic impedes expression of mGluR1/5 mediated long-term depression (mGluR-LTD) and long-term potentiation (mGluR-LTP) (Cortese, Olin, O'Riordan, Hullinger, & Burger, 2018; Hullinger, O'Riordan, & Burger, 2015; O'Riordan et al., 2014; Ronesi & Huber, 2008) . mGluR1/5 stimulate the synthesis of proteins that modulate ionotropic receptor trafficking and expression of immediate early genes related to cognition. mGluR-LTD and mGluR-LTP both play essential roles in hippocampal learning and memory (Balschun et al., 1999; Goh & Manahan-Vaughan, 2013b; Kemp & Manahan-Vaughan, 2004; Lee, Min, Gallagher, & Kirkwood, 2005; Manahan-Vaughan & Braunewell, 1999; Volk, Daly, & Huber, 2006; Yang et al., 2013 ) Dysregulation of mGluR-LTD has been shown to play a role in Parkinson's disease, drug addiction, fragile-X mental retardation syndrome and Alzheimer's disease (Luscher & Huber, 2010) .
Here we sought to determine whether Homer1b/c isoforms are necessary for hippocampal learning and memory and synaptic plasticity. To this end, we utilized recombinant Adeno-associated virus (rAAV) mediated expression of a small hairpin RNA sequence targeting Homer1b/c (rAAV-shH1b/c) to knock down expression of Homer1b/c in the hippocampus of adult Sprague Dawley rats. We found that Homer1b/c knockdown leads to significant memory deficits in contextual fear conditioning and completely ablates expression of mGluR-LTD.
Methods

Animal subjects
3 month old male Sprague-Dawley rats were purchased from Envigo. All animals had free access to water and food. Animals were maintained on a 12 h dark and light cycle, with behavioral tests conducted during the light cycle. All procedures concerning animals were approved by the University of Wisconsin Institutional Animal Care and Use Committee and were conducted in accordance with the U.S. National Institutes of Health "Guide for the Care and Use of Laboratory Animals." Average animal age during testing was 4-6 months old. The experimental timeline is shown in Fig. 1 .
Viral vectors
SureSilencing shRNA plasmids were purchased from Qiagen and subcloned into rAAV. The sequence targeting Homer1b/c (shH1b/c) was: CAGGAAGTTGAGATTCGAAAT. The sequence for the control vector (shCTL) was: GGAATCTCATTCGATGCATAC. The negative control shRNA provided by Qiagen is a scrambled artificial sequence which does not match any human, mouse, or rat gene. Viral vector preparations of rAAV5 were purchased from the University of Pennsylvania Vector Core. The titer for rAAV-shH1b/c was 5 × 10 13 vector genomes/ ml; for rAAV-GFP was 2.59 × 10 12 vg/ml. Each plasmid carries an shRNA under the control of the human U1 promoter and a GFP reporter gene under the control of the CMV promoter. We have previously shown the area and cell types transduced by this rAAV5 serotype (Burger et al., 2004; Gerstein et al., 2012; Hullinger, Ugalde, PuronSierra, Osting, & Burger, 2013) .
Intracerebral injection of rAAV vectors
Bilateral intracerebral injections of rAAV into the rat hippocampus have been described previously in detail (Gerstein et al., 2013) . Two sites were injected per hippocampal hemisphere. 2 µl of viral vector were injected per site. Animals were allowed to recover for one month before behavioral testing and/or electrophysiological recordings.
Behavioral analysis
Behavioral tests were performed in the following order: novel object recognition, Morris water maze, contextual and cued fear conditioning. All experimenters were blinded to the treatment of the subjects. For novel object recognition and Morris water maze tests n = 13 shH1b/c and n = 10 for sham controls were used. Fear conditioning analysis was not completed for a subset of animals due to a breakdown of the freeze monitor during experimentation: n = 9 per condition.
Novel object recognition
We used a two-day version of the Novel Object Recognition paradigm as previously described in detail . Rats were initially trained in the location of two identical objects. Each animal was placed in the enclosure and given 5 min to explore the area. Testing occurred 24 h later with an identical protocol with the exception that the identity of one of the objects had been changed. In between each animal, on training and testing days, the bedding was stirred, and the toys cleaned with 70% ethanol to minimize olfactory cues.
Morris water maze
We used a two-day version of the Morris Water Maze consisting of one day of visible platform training followed by one day of hidden platform training and a probe trial, as described in detail . Visible platform training consisted of 4 consecutive trials on day 1. Hidden platform training took place on day 2. Training consisted of 4 consecutive trials. The time taken to reach the platform was recorded for each trial. The probe trial was carried out for each animal immediately following the four hidden platform trials; for this trial the time spent in the probe quadrant, as well as the number of times the animal crossed the platform area were recorded.
Fear conditioning
Fear conditioning began with a day of training during which each animal was placed inside a white rectangular enclosure (San Diego Instruments Freeze Monitor). Each animal was then subjected to 2 min of silence, followed by 30 s of tone (2000 Hz, 80 dB). During the last 2 s of tone the animals were subjected to a mild foot shock (0.8 mA). This process of two-minute silent exploration time followed by 30 s of tone with 2 s of foot shock was repeated one additional time followed by a final 1 min of silent exploration time. Contextual fear conditioning (CFC) was tested 48 h later. For this test the animal was reintroduced to the rectangular enclosure and given 6 min of silent exploration time. Auditory cued fear conditioning (AFC) was tested 49 h after training. For this test the animal was placed into a black, triangular enclosure scented with vanilla. The animal was subjected to 2 min of silent exploration time, followed by 30 s of tone, similar to the training protocol, but lacking the shock stimulus. This process was repeated one additional time and followed by a final 1 min of silent exploration. Freezing time was measured during training and both testing protocols using the Freeze Monitor System and Freeze Monitor software (San Diego Instruments). Memory recall was assessed by measuring the percent of time spent freezing in response to the spatial or auditory stimuli on testing day. For CFC, comparisons were made between groups using the percent of time freezing over the entire 6 min free exploration testing protocol; for AFC, assessments were made using the percent of time spent freezing during the two 30 s tone presentations. Additionally, the percent of time spent freezing during 30 s increments for CFC testing were compared to determine whether learning deficits were a result of early extinction. Post shock freezing, the percent of time freezing during both 2 min post-shock exploration periods on training day, was also compared to further investigate the role of Homer1b/c in fear conditioning. Differences in average freezing time during training, both prior to the introduction of sound or shock stimuli and in the two- Fig. 1 . Experimental timeline.
K. Gimse et al.
Neurobiology of Learning and Memory 156 (2018) 17-23 minute exploration period following the first sound/shock combination, were compared to rule out any mobility issues as a result of treatment influencing the testing results.
Electrophysiology
Electrophysiological analysis began one day after the completion of behavioral analyses, one animal chosen at random was analyze per day. Immediately after euthanasia the brain was removed from the skull and submerged in ice cold cutting solution (CS) [in mM]: 212 sucrose, 2.6 KCl, 1.25 NaH 2 PO 3 , 26 NaHCO 3 , 0.5 CaCl 2 , 5 MgCl 2 , 10 glucose. The hippocampi were sectioned transversely into 400 µm slices immersed in ice-cold CS. Slices were allowed to recover for 45 min at room temperature (RT) in 50:50 CS: artificial cerebrospinal fluid (ACSF) [in mM]: 124 NaCl, 5 KCl, 1.25 NaH 2 PO 3 , 26 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , 10 glucose followed by a second 45 min incubation at RT in ACSF. Slices were then transferred to an interface recording chamber perfused with ACSF and allowed to recover for 2 h at 32°C. All solutions were carboxygenated during slice preparation, recovery and recording (95/5, O2/CO2). Enameled bipolar platinum-tungsten (92:8 Pt:Y) stimulating electrodes were placed at the border of Area CA3 and Area CA1 along the Schaffer-Collateral pathway. Field excitatory post-synaptic potentials (fEPSP) were recorded from the stratum radiatum, with ACSF filled recording electrodes (2-4 MΩ). Baseline synaptic transmission was assessed for each individual slice by applying increasing stimuli (0.5-25 V, 25 nA-1.5 µA, A-M Systems model 2200 stimulus isolator, Carlsborg, WA) to determine the relationship between stimulation voltage and fEPSP slopes (Input:Output). Subsequent experimental stimuli were set to an intensity that evoked a fEPSP with a slope half that of the maximum fEPSP slope. mGluR-LTD was induced with bath application of 100 µM (S)-dihydroxyphenylglycine (Tocris) in ACSF for 10 min. fEPSPs were recorded for 90 min post-LTD induction followed by a repeated measure of Input:Output relationship to confirm maintenance of slice health. Synaptic efficacy was constantly monitored (0.05 Hz). Every 2 min, sweeps were averaged; the fEPSPs were amplified (A-M Systems model 1800), digitized (Digidata 1322B, Molecular Devices, Sunnyvale, CA) and then analyzed (pClamp, Molecular Devices). All numerical data are expressed as mean ± SEM.
Protein extraction and Western blot analysis
Whole hippocampi were dissected from a subset of animals for Western blot analysis 30 days post viral vector injection. Tissue lysis and homogenization was performed with a 28-gauge insulin needle in RIPA buffer. 40 µg of purified protein was separated using 4-15% gradient SDS-PAGE gels (Mini-PROTEAN TGX, Biorad, Hercules, CA) and then transferred to PVDF membranes (Trans Blot Turbo Transfer Pac, Biorad, Hercules, CA) using a Transblot Turbo Transfer System (Biorad, Hercules, CA). Primary antibodies included Homer1b/c (sc-20807, Santa Cruz, 1:1000), mGluR5 (AB5675, Millipore, Burlington, MA, 1:1000), PSD95 (3450S; Cell Signaling, 1:500) and GAPDH (MAB374, Millipore, Burlington, MA, 1:1000). IRDye 680 or 800 secondary antibodies (925-32213, 925-32212, Li-Cor, 1:5000) were used and the membranes imaged using the Odyssey CLx imaging system (LiCor). Homer1b/c, mGluR5 and PSD95 bands were normalized against GAPDH expression and densitometric quantitation of immuno-positive bands was performed using Image Studio Lite image processing software (Li-Cor).
Statistical analyses
Statistical analyses were performed using Prism 7.03 (Graphpad Software Inc., La Jolla CA). Significance was set at p < .05. For behavioral analyses, two-tailed t-tests were used to assess the significance of differences observed between shH1b/c treated and control animals, with the exception of the 30 s increment analysis of CFC which was analyzed by two-way ANOVA (treatment and time) with repeated measures (mixed model) and Bonferroni posthoc tests. Electrophysiology data were analyzed by two-way ANOVA (treatment and time) with repeated measures (mixed model) and Bonferroni posthoc tests. One-way-ANOVA followed by Tukey's multiple comparison tests were employed for statistical analysis of Western blot data.
Results
3.1. rAAV-mediated delivery of Homer1b/c shRNA yields significant reduction in hippocampal Homer1b/c expression We first determined the level of Homer1b/c knockdown in adult rats. rAAV-shRNA mediated expression of a sequence targeting Homer1b/c was used to knockdown Homer1b/c expression. Adult Sprague Dawley rats (3 months) were injected with rAAV-shH1b/c, rAAV-shCTL, or sham surgery. Hippocampal proteins from these animals were isolated and analyzed for Homer1b/c expression one month post-surgery. Densitometry analysis of immuno-positive bands showed a significant difference between injected groups ( Fig. 2 F (2, 13) = 18.97, p = .0001). An average of 50% reduction in Homer1b/c expression in total hippocampus for shH1b/c injected animals in comparison to sham injected controls was observed ( Fig. 2 ; p = .0002). No significant differences in Homer1b/c expression were observed between sham injected and shCTL injected controls ( Fig. 2 ; p = .4329). In order to determine whether proteins associated with Homer1b/c were affected by its downregulation, we examined levels of mGluR5 and PSD95 in the different experimental groups. No significant effect of treatment on mGluR5 expression was observed ( Fig. 2 ; F (2, 9) = 4.061, p = .055. sham vs. shH1b/c: p = .1; shCTL vs. shH1b/c: p = .97; sham vs. shCTL: p = .072). Similarly all experimental groups showed similar expression levels of PSD95 with no effect of treatment ( Fig. 2 ; F (2, 9) = 0.408, p = 0.7). sham vs. shH1b/c: p = .8; shCTL vs. shH1b/c: p = .7; sham vs. shCTL: p = .96). Western blot analyses were also performed on hippocampal slices collected during preparation for electrophysiology on days 40-50 yielding similar results (data not shown).
Reduced expression of hippocampal Homer1b/c causes learning deficits in contextual fear conditioning
To determine whether hippocampal Homer1b/c expression is necessary for successful learning and memory, animals were tested in the contextual and cued fear-conditioning tasks, the Morris water maze, and the novel object recognition task. Fear conditioning analysis indicated no significant differences in freezing behavior prior to the introduction of tone or shock (Fig. 3A , t = 0.14, df = 16, p = .89). However, animals treated with shH1b/c showed significantly less postshock freezing on training day [a measure of short-term contextual fear memory (Fanselow, 1980; Wood & Anagnostaras, 2011) (Fig. 3B , t = 2.67, df = 16, p = .016)] and exhibited significant memory deficits in contextual fear conditioning on testing days 48 h later (Fig. 3C , t = 2.35, df = 16, p = .03). To determine if the observed memory deficits may be the result of early extinction, the data were analyzed in 30 s intervals. shH1b/c treated animals displayed memory deficits in contextual fear conditioning throughout the duration of the testing period indicating a deficit in either acquisition or recall (Fig. 3D,  F (1,16) = 5.44, p = .03). No significant differences were found in freezing behavior during auditory cued fear conditioning analysis (Fig. 3E , t = 1.1, df = 16, p = .288). Surprisingly, no significant differences in learning ability were observed between shH1b/c injected and control animals in any of the other hippocampal dependent behavioral tasks including the Morris water maze [hidden platform (t = 1.17, df = 21 p = .26)], probe trial platform crossings (Fig. 3F , t = 1.12, df = 21, p = .28), probe trial quadrant time (Fig. 3G: t = 1.01, df = 21, p = .29), and the novel object recognition task ( Fig. 3H t = 1 .71, df = 21, p = .10).
Reduced expression of hippocampal Homer1b/c ablates mGluR-LTD expression
To investigate the cellular mechanisms underlying the observed memory deficits, electrophysiological recordings were performed in acute hippocampal slices to assess the impact of Homer1b/c knockdown on mGluR-LTD which has been shown to be an important process for hippocampal learning and memory (Di Prisco et al., 2014; Goh & Manahan-Vaughan, 2013b; Kemp & Manahan-Vaughan, 2004; Manahan-Vaughan & Braunewell, 1999 ). Here we found that, similar to previous findings, bath application of 100 µM DHPG for 10 min induced robust depression in control hippocampal slices from animals injected with rAAV-shCTL, (Fig. 4A) (Palmer, Irving, Seabrook, Jane, & Collingridge, 1997) . In contrast, bath application of DHPG in hippocampal slices from rAAV-shH1b/c injected animals did not result in LTD expression ( Fig. 4A ; main effect of treatment, F (1, 10) = 13.62, p = .004). Traces from these slices exhibit a slight short-term depression which quickly recovers to baseline synaptic efficacy. There were no statistically significant differences in mGluR-LTD expression between sham injected and rAAV-shCTL controls (Fig. 4A vs B-D; main effect of treatment, F (1, 11) = 0.17, p = .69.)
To further characterize DHPG induced LTD we tested the impact of selective antagonists for NMDAR, mGluR1, and mGluR5 on DHPG induced LTD. Since both GFP and sham injected animals showed no difference in mGluR-LTD, we used uninjected animals as controls for these experiments. Incubation in the presence of the NMDAR receptor antagonist (2R)-amino-5-phosphonovaleric acid (APV;100 µM) before and during application of DHPG did not significantly affect induction of LTD as it has been reported (Huber, Roder, & Bear, 2001; Volk et al., 2006) ( Fig. 4B ; main effect of treatment, F (1, 12) = 0.049, p = .83). Similar results were obtained with pre-incubation with the selective mGluR5 antagonist 2-methyl-6-(phenylethynyl) pyridine hydrochloride (MPEP;10 µM) ( Fig. 4C ; main effect of treatment, F (1, 10) = 0.696, p = .42). Induction of LTD in the presence of the mGluR1 antagonist LY 367385 (100 µM) did not significantly impact the maintenance or magnitude of mGluR-LTD ( Fig. 4D ; main effect of treatment, F (1, 12) = 0.579, p = .46), however the rate of induction was significantly reduced. (Fig. 4D ; main effect of treatment, F (1, 12) = 7.90, p = .016). These data are in agreement with previous reports on the mechanism of induction of mGluR-LTD (Luscher & Huber, 2010; Volk et al., 2006) .
Discussion
This study investigated the impact of reduced hippocampal Homer1b/c expression on spatial learning and memory and synaptic plasticity. We found that knockdown of hippocampal Homer1b/c significantly reduced freezing behavior both during the post-shock periods on training day, and during testing of contextual fear conditioning 48 h later. Significant deficits were not observed in other learning tasks, namely the MWM, novel object recognition and cued fear conditioning.
Both the acquisition and expression phases of learning in contextual fear conditioning are dependent on hippocampal mGluR1/5 signaling; therefore, we hypothesized that deficits in mGluR1/5signaling in the absence of Homer1b/c would contribute to learning deficits in this task (Gravius, Barberi, Schafer, Schmidt, & Danysz, 2006; Schulz et al., 2001 ) The results of this study support this hypothesis. Furthermore, previous studies have provided evidence for post-shock freezing to be a measure of immediate contextual fear memory. Therefore, significantly reduced post-shock freezing is further evidence of a role for Homer1b/c in contextual fear conditioning and may suggest that Homer1b/c is necessary for acquisition of contextual fear memory (Fanselow, 1980; Wood & Anagnostaras, 2011) . The lack of deficits observed in auditory cued fear conditioning were not surprising, as multiple studies have indicated that this type of memory acquisition is largely independent of the hippocampus and is primarily coded for in the amygdala (Selden, Everitt, Jarrard, & Robbins, 1991) .
Studies regarding the role of the hippocampus in novel object recognition have elicited conflicting results; many studies indicate that object recognition is encoded primarily within the perirhinal cortex (Aggleton & Brown, 2005; Bachevalier & Nemanic, 2008; Baxter & Murray, 2001 ; Beason-Held, Rosene, Killiany, & Moss, 1999; Broadbent, Squire, & Clark, 2004; Brown & Aggleton, 2001; Mumby, 2001; Murray & Mishkin, 1998; Reed & Squire, 1997; Zola et al., 2000) . There is evidence, however which indicates that the hippocampus is responsible for encoding the novel acquisition of object location. For example, endogenous hippocampal LTD dependent on both NMDAR and mGluR5 is induced in the rodent hippocampus upon exposure to configurative novelty in object-space (i.e. the presentation of either novel objects or familiar objects within a novel spatial freezing responses when re-exposed to an auditory cue previously paired with an aversive stimulus. (F) MWM probe trial: no significant differences were observed between shH1b/c treated and control animals in the number of platform crossings (n = 13 shH1b/c, n = 10 control) (G) MWM probe trial: no significant differences were found in the time spent in the probe quadrant between shH1b/c injected and control animals. (H) Novel object recognition: when exposed to one novel and one familiar object, both shH1b/c injected and control animals showed increased interest in the novel object (n = 13 shH1b/c, n = 10 control). context), but not upon exposure to novel spatial environment alone (Goh & Manahan-Vaughan, 2013a , 2013b Manahan-Vaughan & Braunewell, 1999) . The finding that Homer1b/c knockdown did not elicit significant deficits in this task might indicate that any spatial coding deficits evoked by impeded mGluR1/5 signaling in the absence of Homer1b/c were obfuscated by object recognition coding within the perirhinal cortex. Alternatively, it may be that mGluR1/5 signaling mechanisms independent of Homer1b/c are sufficiently compensatory for this task or that our testing paradigm is insufficiently sensitive.
More surprising is the lack of spatial learning and memory deficits observed in the MWM. Considerable studies have been published indicating the role of the hippocampus in spatial learning and memory in the Morris water maze (Morris, Garrud, Rawlins, & Okeefe, 1982; Sutherland & Dyck, 1984) . Furthermore, evidence supports a role for group I mGluR signaling in the acquisition and retrieval learning phases of similar spatial learning tasks and positive modulators of mGluR5 have been shown to enhance MWM performance (Ayala et al., 2009; Balschun et al., 1999; Schroder et al., 2008) . Additionally, overexpression of hippocampal Homer1c is sufficient to rescue MWM and OLM performance in aged learning impaired rats and radial arm maze ability in young Homer1 knockout mice (Gerstein et al., 2012 (Gerstein et al., , 2013 . Therefore, we initially hypothesized that disruption of mGluR1/5 signaling in the absence of Homer1b/c would yield significant learning deficits in this task. However, these current findings suggest that while Homer1c is sufficient to enhance this type of learning and rescue spatial learning deficits observable in this task in aged learning impaired rats, it may not be necessary for this type of spatial learning in young adult rats. Additionally, the discrepancy between MWM deficits observed in Homer1 knockout mice and Homer1b/c knockdown rats are likely attributable to the absence of all Homer1 isoforms, including the shortform Homer1a, as well as the global nature of this knockout. There is also a potential for the development of compensatory mechanisms developing between the time of injection and behavioral analyses, however it is necessary to allow this time to achieve maximal H1b/c knockdown.
Here we show that hippocampal Homer1b/c is necessary for the expression of mGluR-LTD. These data are in agreement with previous findings which indicate that disruptions between mGluR5 and coiled coil Homer1 proteins impedes mGluR-LTD (Ronesi & Huber, 2008) . We also confirm results from other studies indicating that blockade of NMDAR, mGluR1 or mGluR5 alone during LTD induction does not significantly affect the magnitude or length of expression. Blockade of mGluR1, however, does impact the rate of induction, suggesting that this receptor plays a key role in the early stage of LTD induction. These results are again consistent with previous characterizations of mGluR-LTD mechanism (Volk et al., 2006) . Both mGluR1/5-LTP and mGluR1/ 5 dependent LTD have been shown to be important for learning and memory, however evidence suggests that expression of mGluR1/5 dependent LTD may be particularly important for maintenance of learning and memory ability in aged animals (Balschun et al., 1999; Goh & Manahan-Vaughan, 2013b; Kemp & Manahan-Vaughan, 2004; Lee et al., 2005; Manahan-Vaughan & Braunewell, 1999; Volk et al., 2006; Yang et al., 2013) . It may be that increased susceptibility to mGluR-LTD functions as a compensatory mechanism for the age-associated dysregulation of other synaptic plasticity mechanisms. Here we have focused on the impact of rAAV-shH1b/c on mGluR-LTD in young rats, but our future studies will focus on aged rats.
We found that downregulation of Homer1b/c did not result in decreased levels of mGluR5 or PSD95. This suggests that the phenotypes identified with Homer 1b/c knockdown are due to a decreased pool of Homer1b/c able to interact with mGluR1/5, rather than by a subsequent regulation of receptor expression (Mao et al., 2005; Ronesi & Huber, 2008) . However, this does not preclude the possibility that Homer1b/c knockdown alters the subcellular localization of mGluR5 which may also impact signaling (Giuffrida et al., 2005) . Future studies are necessary to investigate the mechanism of Homer1b/c in LTD and learning and memory formation.
